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ABSTRACT 
The present authors modified the transient kinetics method 

for the evaluation of the number of working active sites. The 
method was effectively used for the unified interpretation of 
both the reactivity and its dynamic change with increased 
conversion of nine different chars which are different in nature 
and origin. This method was developed furthermore for the 
evaluation of elemental reaction rate constants. 

INTRODUCTION 
Gasifier performance significantly depends on the coal char 

reactivity which are largely diff'erent among different chars. 
Thus the rational design and analyses of coal gasifier require 
the prediction of coal char reactivity as well a s  the sound 
understanding of gas-solid contact. Previous workers have tried 
to interpret the difference of the gasification rate by 
introducing various parameters including surface area( 1 ) and the 
amount of metals in ash. Present authors have developed the new 
method to count the mol numbers of carbon atoms during 
gasif ication for the evaluation of char reactivity by transient 
kinetics experiment(2,3). The objective of the present study is 
the further development of this method for the evaluation of the 
elemental reaction rate constants. 

EXPERIMENTAL 
The experiments were conducted in a horizontal quartz tube 

reactor(i.d. 6 mm). The amount of chars of 15-85 mg was loaded in 
the middle part of the reactor tube. The reactor was heated u p  to 
the gasification temperature at the heating rate of 5 K/min in 
the pure nitrogen stream(2 m/s). The temperature of the bed was 
measured by a clomel-alumel thermocouple placed within the bed. 
The temperature difference trough the bed was within 1 K at 
1 1  73K. 

The nitrogen stream was switched over to carbon dioxide 
stream(2 rn/s). The concentration of carbon monoxide produced was 
analyzed by FID after methanation. The variation of carbon 
monoxide concentration was followed intermittently at intervals 
of several seconds. The gasification rate of chars at 
atmospheric pressure are evaluated from the concentration of 
carbon monoxide, as follows. 
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where c o n v e r s i o n  o f  c h a r  w a s  e v a l u a t e d  f rom t h e  i n t e g r a t e d  amount  
o f  c a r b o n  monoxide  produced .  Then t h e  c a r b o n  d i o x i d e  stream was 
s w i t c h e d  o v e r  t o  n i t r o g e n  s t r e a m  a n d  t h e  t r a n s i e n t  d e c a y  of 
c a r b o n  monoxide c o n c e n t r a t i o n  w a s  f o l l o w e d  i n t e r m i t t e n t l y .  A f t e r  
t h e  c o n c e n t r a t i o n  o f  c a r b o n  m o n o x i d e  b e c a m e  s o  l o w  a s  t o  b e  
i g n o r e d ,  c a r b o n  d i o x i d e  w e r e  i n t r o d u c e d  a g a i n .  T h i s  p r o c e d u r e  was 
r e p e a t e d  s e v e r a l  times t o  c o v e r  t h e  w h o l e  r a n g e  o f  c o n v e r s i o n .  

RESULTS AND DISCUSSION 
O u t l i n e  o f  o u r  p r e v i o u s  r e s u l t s  a n d  u n i f i e d  i n t e r p r e t a t i o n  of 
c h a r  r e a c t i v i t y  by number o f  w o r k i n g  a c t i v e  s i t e s  

The n u m b e r  o f  w o r k i n g  a c t i v e  s i t e s  w a s  d e f i n e d  a s  t h e  
i n t e g r a t e d  a m o u n t s  o f  c a r b o n  monoxide e v o l v e d  a f t e r  s h u t t i n g  o f f  
t h e  c a r b o n  d i o x i d e  stream, a s  f o l l o w s .  

P r e v i o u s  i n v e s t i g a t i o n  p r o v e d  t h a t  t h e  e f f e c t s  o f  b o t h  t h e  
b a c k m i x i n g  o f  gases i n  t h e  s y s t e m  o n  t h e  n u m b e r  o f  a c t i v e  s i t e s  
a r e  n e g l i g i b l e  u n d e r  t h e  p r e s e n t  e x p e r i m e n t a l  c o n d i t i o n ( 2 ) .  

F i g u r e  1 d e m o n s t r a t e d  t h a t  s i x t y  times d i f f e r e n c e s  among t h e  
g a s i f i c a t i o n  ra tes  o f  chars w e r e  f a i r l y  w e l l  i n t e r p r e t e d  by t h e  
d i f f e r e n c e  i n  t h e  n u m b e r  o f  w o r k i n g  a c t i v e  s i t e s  a t  t h e  
t e m p e r a t u r e  o f  1173 K(3) .  The g a s i f i c a t i o n  r a t e s  n o r m a l i z e d  by 
t h e  number o f  w o r k i n g  a c t i v e  s i t e s ,  d X / d t / n ,  decrease s l i g h t l y  
w i t h  i n c r e a s e d  c o n v e r s i o n  b u t  r e m a i n  m o s t l y  c o n s t a n t  d u r i n g  
g a s i f i c a t i o n ,  a s  shown i n  F i g . 2 ( 3 ) .  Thus e v a l u a t e d  r e s u l t s  were 
p l o t t e d  a g a i n s t  r e c i p r o c a l  t e m p e r a t u r e  i n  F i g . 3 .  T h e  r e s u l t  
i n d i c a t e d  t h a t  t h e  ra te  p e r  u n i t  number  o f  w o r k i n g  ac t ive  s i tes  
i s  t h e  f u n c t i o n  o f  t e m p e r a t u r e  a l o n e .  The a c t i v a t i o n  e n e r g y  o f  
t h e  r e a c t i o n  i s  a r o u n d  1 2 5 k J / m o l .  S i m i l a r  r e s u l t s  o f  t h e  r a t e  
n o r m a l i z e d  b y  s u r f a c e  a r e a ,  d X / d t / S ( X ) ,  w e r e  o b t a i n e d  i n  o u r  
p r e v i o u s  s t u d y ( 2 , 3 ) .  

Thus t h e  p resent  r e s u l t s  s u p p o r t  ou r  p r e v i o u s  r e s u l t s  t h a t  
s u r f a c e  a r e a  is a n  a v a i l a b l e  p a r a m e t e r  f o r  t h e  i n t e r p r e t a t i o n  o f  
b o t h  t h e  d i f f e r e n c e  a n d  t h e  d y n a m i c  c h a n g e  i n  g a s i f i c a t i o n  r a t e  
w i t h  i n c r e a s e d  c o n v e r s i o n .  E v a l u a t e d  number o f  w o r k i n g  a c t i v e  
s i t e s  may be c l o s e l y  r e l a t e d  t o  t h e  n u m b e r  o f  i n t e r m e d i a t e  
s p e c i e s ,  s u c h  as  s u r f a c e  o x i d e  complex .  
Development  o f  new method 

T h e  r a t e  c o n s t a n t  o f  c a r b o n  m o n o x i d e  d e s o r p t i o n ,  a f t e r  

r e s u l t s  of t h e  d e s o r p t i o n  of c a r b o n  monoxide  , w a s  shown i n  Fig.4. 
The r e s u l t s  i n d i c a t e d  t h a t  t h e  p a r t i a l  p r e s s u r e  o f  c a r b o n  d i o x i d e  
a f f e c t s  t h e  n u m b e r  of  w o r k i n g  a c t i v e  s i t e s  b u t  d o e s  n o t  t h e  
d e s o r p t i o n  rate c o n s t a n t ,  Kd., The number o f  w o r k i n g  a c t i v e  s i tes  
i n c r e a s e d  b u t  t h e  i n c r e a s l n g  r a t e  d e c r e a s e d  w i t h  i n c r e a s e d  
p a r t i a l  p r e s s u r e  o f  c a r b o n  d i o x i d e ,  a s  s h o w n  i n  F ig .5 .  T h e  
n u m b e r  o f  w o r k i n g  a c t i v e  s i t e s  w i l l  b e  s a t u r a t e d  a t  h i g h e r  

t e r m i n a t i n g  g a s i f i c a t i o n  were  a l s o  e v a l u a t e d .  T h e  "4' y p l c a l  
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p r e s s u r e .  S a t u r a t i o n  mechanism i s  d i s c u s s e d  la ter .  
F i g u r e  6 shows t h e  t y p i c a l  d y n a m i c  c h a n g e  o f  c a r b o n  monoxide  

c o n c e n t r a t i o n ,  ~ ( t ) ,  a f t e r  i n t r o d u c i n g  c a r b o n  d i o x i d e  a t  t h e  
t e m p e r a t u r e  o f  1 1 2 3  K f o r  T a i h e i y o  coal c h a r .  S t e a d y  s t a t e  
c o n c e n t r a t i o n ,  C s t ( t ) ,  i n  t h e  e a r l y  p e r i o d  were e v a l u a t e d  b y  
e x t r a p o l a t i o n  of C ( t )  o v e r  t h e  l a t t e r  p e r i o d .  The d y n a m i c  c h a n g e  
Of [ C ( t ) - C s t ( t ) ]  are shown i n  Fig.7. The r a t e  c o n s t a n t s ,  K ,  were 
e v a l u a t e d  o v e r  t h e  range o f  c a r b o n  d i o x i d e  p a r t i a l  p r e s s u r e  f r o m  
15kPa t o  100kPa. The dependency  of t h e  e v a l u a t e d  r a t e  c o n s t a n t ,  
K ,  o n  c a r b o n  d i o x i d e  p a r t i a l  p r e s s u r e  s h o w n  i n  F i g . 8  c a n  be 
d e s c r i b e d  as  f o l l o w s .  

The  i n t e r c e p t s ,  I ,  a r e  f o u n d  t o  b e  almost t h e  same a s  t h e  
d e s o r p t i o n  ra te  c o n s t a n t s ,  Kd. 

T h e  f o l l o w i n g  m e c h a n i s m  p r o p o s e d  b y  E r g u n ( 3 )  a n d  a c c e p t e d  
w i d e l y  c a n  be  u s e d  t o  i n t e r p r e t  t h e  a b o v e  r e s u l t s .  

c + CO2 = C ( 0 )  + co 
- C ( 0 )  - co ( 4 )  

(5) 

I 

I 

The f i r s t  s t e p  i s  t h e  d i s s o c i a t i v e  a d s o r p t i o n  of c a r b o n  d i o x i d e  
w h i c h  p r o d u c e  t h e  s u r f a c e  o x i d e  c o m p l e x  a n d  t h e  s e c o n d  s t e p  i s  
t h e  d e s o r p t i o n  o f  s u r f a c e  o x i d e  c o m p l e x  t o  p r o d u c e  c a r b o n  
monoxide.  

T h e  d y n a m i c  r e s p o n s e  o f  c a r b o n  m o n o x i d e  a f t e r  i n t r o d u c i n g  
c a r b o n  d i o x i d e ,  C ( t ) ,  c a n  be e x p r e s s e d  a s  

0.025 I1PCo2N W o  
C ( t )  =- 

The s t e a d y  s t a t e  c o n c e n t r a t i o n  o f  c a r b o n  monoxide,  Cst is 

[ 213+ ( I1 PCo2 -13 ) e x p (  - (  I1 PCo2 +I3 ) t  1 I ( 6 )  
F 11Pco2+13 0.012 

0.025 211PC0213N W o  

F [ I 1 P c 0 2 + I 3 1  0.012 
Cst = - (7) 

The t h e  d i f f e r e n c e  o f  t h e  c o n c e n t r a t i o n ,  C( t ) -CSt ,  i s  

0 . 0 2 5  2 1 1  PC0213N W O  ( I l P c 0 2 - I 3 ) e x p ( - ( I 1  P c o 2 + 1 3  ) t )  
C ( t ) - C s t =  - 

( 8 )  
F 11Pco2+13 0.012 

The ra te  c o n s t a n t  o f  v a r i a t i o n  o f  [C( t ) -C,  1 i s  (11Pco2+13) w h i c h  
i s  c o n s i s t e n t  w i t h  t h e  Pc02 d e p e n d e n c e  o f  \ h e  r a t e  c o n s t a n t  shown 
i n  F ig .8 .  T h u s  t h e  i n t e r c e p t  i n  t h e  f i g u r e  i s  13, a c c o r d i n g  t o  
t h e  a b o v e  mechanism. 

The d y n a m i c  c h a n g e  o f  c a r b o n  monoxide a f t e r  s h u t t i n g  o f f  t h e  
c a r b o n  d i o x i d e  i s  e x p l a i n e d  b y  t h e  r e a c t i o n  o f  t h e  s e c o n d  s t e p ,  
namely  t h e  d e s o r p t i o n  o f  s u r f a c e  o x i d e  complex .  

Cd ( t )  = 0.025n0 ( Wo/O.O1 2 ) e x p (  - I  t ) / F ( 9 )  
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T h u s ,  t h e  c o n s i s t e n c e  o f  Kd a n d  L e v a l u a t e d  a b o v e  c a n  b e  a l s o  
i n t e r p r e t e d .  

The number of w o r k i n g  a c t i v e  s i t e  i s  related t o  t h e  p a r t i a l  
p r e s s u r e  o f  c a r b o n  d i o x i d e  a n d  t h e  t o t a l  n u m b e r  o f  a c t i v e  s i t e ,  
N ,  a s  

l / n  = 1 / N  + ( I / N ) I ~ / I ~ P c o ~  ( 1 0 )  

T h e  r e c i p r o c a l  n u m b e r  of w o r k i n g  a c t i v e  s i t e ,  ( 1  I n ) ,  i s  p l o t t e d  
a g a i n s t  1 /Pc02 i n  F ig .9 .  T h e  p r e s s u r e  d e p e n d e n c e  o f  t h e  n u m b e r  
of w o r k i n g  a c t i v e  s i t e ,  n ,  c a n  b e  e x p l a i n e d  b y  E q . ( l O ) .  T h e  
s l o p e  o f  t h i s  f i g u r e  i s  almost t h e  same a s  t h e  r a t i o  o f  I j  a n d  
I ~ P ~ ~ ~  which  were e v a l u a t e d  above .  The i n t e r c e p t  i s  1/N a n d  t h u s  
t h e  t o t a l  number  of a c t i v e  s i t e s  c a n  b e  a l so  e v a l u a t e d .  

CONCLUSION 
The p r e s e n t  a u t h o r s  h a s  d e v e l o p e d  t h e  new method t o  e v a l u a t e  

t h e  n u m b e r  o f  w o r k i n g  a c t i v e  s i t es  d u r i n g  g a s i f i c a t i o n .  T h e  
d i f f e r e n c e  of t h e  r e a c t i v i t y  among n i n e  c h a r s  which  a r e  d i f f e r e n t  
i n  n a t u r e  a n d  o r i g i n  c o u l d  b e  f a i r l y  w e l l  i n t e r p r e t e d  b y  t h e  
n u m b e r  o f  w o r k i n g  a c t i v e  s i t e s .  D y n a m i c  c h a n g e  of r e a c t i v i t y  
w i t h  i n c r e a s e d  c o n v e r s i o n  c o u l d  a l so  b e  e x p l a i n e d  by t h e  c h a n g e  
o f  t h e  number of w o r k i n g  a c t i v e  sites. 

T h e  p r e s s u r e  d e p e n d e n c y  o f  w o r k i n g  a c t i v e  s i t e  was 
i n v e s t i g a t e d .  T h e  t r a n s i e n t  k i n e t i c s  m e t h o d  w a s  d e v e l o p e d  
f u r t h e r m o r e  f o r  t h e  e v a l u a t i o n  o f  e l e m e n t a l  r e a c t i o n  r a t e  
c o n s t a n t s  a n d  t o t a l  number  of a c t i v e  sites. 

NOMENCLATURE 
C c o n c e n t r a t i o n  of c a r b o n  monoxide [ - I 
Cst s t e a d y  s t a t e  c o n c  n t r a t i o n  of c a r b o n  monoxide [ - I 
F 
I ra te  c o n s t a n t  [ s - ’ ]  
J ra te  c o n s t a n t  [ s - l a t m - l ]  
K rate c o n s t a n t  [ s - l  I 
Kd ra te  c o n s t a n t ,  [ s - ’ ~  
L ra te  c o n s t a n t  r s - l  1 

g a s  f l o w  ra te  [ mf s -11  

N 
n 
P p a r t i a l  p r e s s u r e - [  a f m  1 

t o t a l  number of ac t ive  s i te  [ m o l  arbon m o l - l i n i t i a l  
number o f  w o r k i n g  a c t i v e  site~moEcarbonmol-’initia~ 

S s u r f a c e  a r e a  mLkg-’ a r b  n~ 
T 
t t i m e  [ s ] 
Wg i n i t i a l  w e i g h t  of c a r b o n  [ kg I 
X c o n v e r s i o n  [ - ] 
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